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Abstract. Adoptive cell transfer (ACT) is an emerging 
immunotherapy technique that restricts tumor growth and 
invasion in cancer patients. Among the different types 
of ACT, chimeric antigen receptor (CAR)T-cell therapy 
is considered to be the most advanced and a potentially 
powerful technique for the treatment of cancer in clinical 
trials. The primary aim of CART-cell therapy is to destroy 
cancer cells and therefore, it serves an important role in 
tumor immunotherapy. CART-cell therapy has been demon-
strated to mainly treat blood cancer by targeting cluster of 
differentiation (CD)-19, CD20, CD22, CD33 and CD123. 
However, the use of CART-cell therapy for treating solid 
tumors is currently under extensive investigation. With 
respect to prostate cancer, prostatic acid phosphatase, pros-
tate‑specific antigen, prostate‑specific membrane antigen 
(PSMA), prostate stem cell antigen, T-cell receptor γ alter-
nate reading frame protein, transient receptor potential-p8 
and six-transmembrane epithelial antigen of the prostate 
1 are among the identified target antigens for prostate 
tumors. However, mesothelin, fibroblast activation protein, 
epidermal growth factor receptor, carcinoembryonic 
antigen, disialoganglioside-2 and human epidermal growth 
factor 2 are among the main targets of CART-cell therapy 
in the case of other types of solid tumors. The main chal-
lenges in CART-cell therapy are the selection of the target 
antigens and the modulation of the ideal tumor microenvi-
ronment for T‑cells to fight against the cancer. The present 
review focuses on the 1st, 2nd, 3rd and 4th generations of 
anti-PSMA CARs and their application for combating pros-
tate carcinoma.
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1. Introduction

Chemotherapy, surgery and radiotherapy are considered to 
be the most important types of cancer treatments available 
for patients with solid or hematological malignancies (1,2). 
Cancer patients are frequently unable to tolerate chemotherapy 
due to the cytotoxic nature of the drugs. Chemotherapy and 
radiotherapy are thought to be important in the treatment 
of cancerous tissues. However, non-cancerous tissues are 
equally targeted by these therapies (3,4). These treatments are 
also associated with poor prognosis and survival of cancer 
patients. Currently, targeting the immune system to fight 
cancer is thought to be more effective as it is associated with 
fewer cytotoxic side‑effects (5). Immunotherapy is classified 
as being much safer than chemotherapy and radiotherapy as 
it targets specific antigens associated with cancer cells and 
tumors. Therefore immunotherapy, specifically using T‑cells, 
has potential in the field of cell therapy due to the following: 
i) T-cells have the potential to differentiate between cancerous 
and non-cancerous cells (6,7); ii) upon activation, T-cells 
undergo rapid clonal expansions (8,9); iii) T-cells have the 
ability to maintain therapeutic responses for a longer period 
of time (10); and iv) T‑cells have the ability to target specific 
antigens at a variety of different sites (8,11), therefore, they 
are important for the treatment of local and distant metastases.

Prostate cancer is caused by the malignant growth of the 
cells of the prostate gland, a walnut shaped organ in males 
located below the bladder and behind the rectum, which 
produces and stores seminal fluid. The American Cancer 
Society projects that 164,690 novel cases of prostate cancer 
will be diagnosed with 29,430 men expected to succumb to 
this disease in 2018 (12). Prostate cancer has been classified 
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as one of the leading causes of mortality among men world-
wide (13,14). However, over the past few decades, the mortality 
rate has stabilized due to early diagnosis, which helps to 
maintain or cure the disease (12,15).

A broad range of treatment options are available for 
men diagnosed with prostate cancer, including surgery 
(prostatectomy), radiation, chemotherapy (drug therapy), high 
intensity focused ultrasound or through an integrated cancer 
program (16-18). Another method, which is the subject of the 
present review, is the application of immunotherapy.

The aforementioned methods of treatment have been 
widely used, however, they frequently leave the patient with 
adverse side-effects; therefore, there is a need to develop a more 
efficient method with fewer side‑effects. Immunotherapeutic 
techniques have now been employed for over a century in the 
treatment of tumors and in the last few decades have greatly 
improved and produced effective applications (19,20). Methods 
including cytokine induced killers, tumor infiltrating lympho-
cytes, monoclonal antibodies (mAbs), tumor vaccines, immune 
checkpoint blockades, bispecific antibodies and chimeric 
antigen receptor (CAR)T-cell are a few of the immunological 
techniques employed in cancer treatments (21,22). Among the 
techniques and approaches employed, CART-cell therapy is an 
advanced method with promising curative potential.

Nonetheless, while the use of CART-cell therapy is 
advanced in hematological malignancies, it is also presenting 
potential in solid tumors, though at a limited rate. The 
delay over the years has been as a result of the difficulty of 
immune cells targeting and penetrating tumors and cancerous 
cells, as well as overcoming the metabolically hostile tumor 
microenvironment (23,24).

2. The CART‑cell

CAR is an antigen targeting protein receptor engineered to 
fuse with T‑cells and designed to specifically bind to antigens 
on tumors or cancerous cells that are mostly unrecognized 
by normal T-cells. The CAR exhibits the following features: 
i) An antigen binding part; ii) a hinge region; iii) a transmem-
brane domain; and iv) an intracellular co-stimulatory domain 
(Fig. 1) (25-27).

The antigen-binding domain is an extracellular single-chain 
variable fragment (scFv) antibody that specifically recog-
nizes an antigen on the surface of cancerous cells. scFvs are 
designed from full length mAbs to reduce the undesirable 
effects accompanied by the fragment crystallizable domain 
(Fc) and to increase antigen binding affinity. An scFv fragment 
consists of variable heavy and light chains joined together by 
a flexible peptide linker (28). The hydrophilic nature of the 
linker residue enhances flexibility through its glycine and 
serine sequences, whereas the interspersed glutamine and 
lysine sequences enhance solubility (29,30). In normal T-cell 
receptors (TCRs), the antigen-binding domain is the cluster of 
differentiation (CD)3-ζ chain, which recognizes antigen in a 
major histocompatibility complex (MHC).

The hinge region is a flexible part that directs the scFv 
to the target antigen. The transmembrane domain and its 
associated proteins also serve a critical role in the signal trans-
duction and surface expression of the receptor (31). It has also 
been demonstrated to provide stability to the CAR and could 

dimerize to form complexes with endogenous TCRs resulting 
in enhanced T-cell activation (32).

The intracellular signaling domain, which usually origi-
nates from the signal transduction subunit of T-cells or natural 
killer cells, includes 4‑1BB and CD28, and its function is to 
transduce extracellular binding signals to initiate the activa-
tion of downstream signaling cascades. T-cell activation relies 
on the phosphorylation of immunoreceptor tyrosine-based 
activation motifs (ITAMs) present in the cytoplasmic CD3-ζ 
domain. While the majority of current CAR endo-domains 
contain an activation domain derived from CD3-ζ, other 
ITAM-containing domains have been investigated including 
the Fc receptor of the immunoglobulin (Ig)E-γ domain, 
however, this has been demonstrated to be less effective (32).

Modes of T‑leucocyte mediated tumor action. The 
T-lymphocyte mediated immune response serves a major 
role in adaptive immunity by attacking infected cells or 
invading the microorganism and memorizing the targeted 
antigens to protect against subsequent infections (8,33). TCRs 
bind antigens presented by antigen presenting cells (APCs), 
which in turn activate the T-cell. The binding of TCRs to the 
antigen releases cytokines and other inflammatory molecules 
which help to kill the infected cells or remove the foreign 
organism (34,35). In the case of cancer, MHCs are downregu-
lated which limits its antigen presenting ability and therefore, 
cancerous cells and tumors are able to escape the surveillance 
of T-cells (36).

Production and autologous transfer of CART‑cells. The 
processes involved in the creation of CART-cells, its 
autologous transfer and monitoring have been described by 
Porter et al (37,38). To produce CART-cells, CD4+ and CD8+ 
T lymphocytes are separated from the patient or donor's blood 
through leukapheresis. Isolated T‑cells are then transfected 
with a viral vector including lentivirus, containing genes for 
CAR. The virus integrates CAR genes into the T-cell genome 
and expresses the cell surface CAR protein. The genetically 
modified T‑cells are then cultured with a sufficient amount 
of interleukin (IL)‑2 in vitro. Subsequently, autologous 
CART‑cells are injected back into the patient and the patient is 
then monitored for treatment responses and for the function of 
the modified T‑cells (37‑39).

CART‑cell antitumor mechanism. Normal T-cell mediated 
immune responses require the presence of an antigen in an 
MHC-dependent complex and a co-stimulatory signal, which 
involves the recruitment of CD28 on the T-cell surface with the 
co-stimulatory molecule CD80 or CD86 on the APC (34,35). 
However, activation of CART is independent of MHC. Upon 
recognition of the cancer antigen by surface CAR scFv, the 
T-cell is activated by ITAMs, which leads to the subsequent 
induction of cytotoxic cytokine secretion and T‑cell prolifera-
tion. The cytotoxic role of the activated CART-cells is initiated 
through the secretion of perforin and granzyme granules and 
the activation of death receptor signaling through Fas/FasL 
and tumor necrosis factor (TNF)/TNF receptor. The enhanced 
secretion and proliferation of proinflammatory cytokines 
[IL-2, interferon (IFN)-γ, IL-12 and TNF] following the acti-
vation of CART-cells is critical for targeted cell lysis (22).
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3. CAR generations

A broader understanding of CAR signaling has led to an 
improvement in the engineering of various signaling domains 
that are potent in enhancing the complete activation of T-cells. 
A total of four generations of CAR are currently under inves-
tigation in preclinical and ongoing clinical studies (Fig. 2). 
These generations are distinguished by their intracellular 
signaling domains attached to the scFv receptor molecule. 
The first‑generation CAR has only CD3ζ as the intracellular 
signaling domain. However, the second-generation CAR 
has an additional co-stimulatory domain, which may be 
CD27, CD28, CD137 (4-1BB) or OX40. The third-generation 
CAR contains CD3ζ and two other co-stimulatory domains 
such as CD28, CD137 (4-1BB) or other co-stimulatory 
molecules (40-42). To enhance the efficacy of CARs, the 
T-cells are modulated through the introduction of additional 
genes, including those encoding potent antitumor cytokines 
including IL-2 and IL-15 or co-stimulatory ligands including 
4-1BBL, thereby generating engineered T-cells that are more 
potent and cytotoxic to tumors. This is the fourth-generation 
CAR that is still under investigation to improve the expression 
of the required cytokines and to control the excessive release 
of other inflammatory cytokines (7,43‑45).

Sipuleucel-T is a treatment option for asymptomatic or 
minimally symptomatic metastatic castrate-resistant prostate 
cancer approved by the Food and Drug Administration. This 
therapy reintroduces activated T‑cells specific for the prostatic 
acid phosphate (PAP) antigen into the patient. Sipuleucel-T 
consists of autologous peripheral blood mononuclear cells 
obtained via leukapheresis, which are then cultured and 

activated with a recombinant human protein consisting of 
PAP linked to granulocyte‑macrophage colony‑stimulating 
factor (46-48). Sipuleucel-T does not require the genetic 
engineering applied in CART and the activation of T-cells 
is performed in vitro using the PAP antigen which is highly 
expressed in prostate cancer (49).

4. Classified prostate associated antigens

A few protein and glycoprotein molecules preferentially 
expressed in malignant prostate tissues, which serve as targets 
for CART have been described previously. These include PAP, 
prostate‑specific antigen, prostate‑specific membrane antigen 
(PSMA), prostate stem cell antigen (PSCA), T-cell receptor γ 
alternate reading frame protein, transient receptor potential-p8 
and six-transmembrane epithelial antigen of the prostate 1 (49).

The PSMA. PSMA is a cell surface glycoprotein expressed 
in the prostate epithelial cell membrane of normal prostates 
but is expressed to a substantially higher degree in prostate 
carcinomas. It contains 750 amino acids, with a type II 
transmembrane domain similar to that of the transferrin 
receptor (50). An ELISA performed by Sokollof et al (51), 
revealed high expression levels of PSMA in prostatic tissues 
but low expression in the cell membranes of the breast, colon, 
liver and kidneys with negligible levels of expression on other 
membranes. Semen content is high in PSMA and therefore, 
PSMA is observed in high expression levels in prostate epithe-
lial cells. As the PSMA is a membrane-bound antigen with 
high prostate tissue specificity, it has become a major prostate 
cancer marker for metastatic castrate‑resistant prostate cancer 

Figure 1. CARs are comprised of a surface antigen-binding region, transmembrane region and intracellular signal transduction region. Derived from a 
mono-antibody, the antigen-binding region consists of VH and VL chains, which are joined by a flexible hinge area. Dimer membrane proteins including CD3, 
CD8 and CD28 are demonstrated in the transmembrane region. The intracellular signal transduction region is comprised of immuno-tyrosine-based activation 
motifs, including CD3ζ or FcƐRlƴ. CARs, chimeric antigen receptors; CD, cluster of differentiation; Fc, fragment crystallizable domain; TCR, T-cell receptor; 
VH, variable heavy chain; VL, variable light chain; ITAM, immunoreceptor tyrosine-based activation motif; scFv, single-chain variable fragment.
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and other types of cancer associated with the prostate. PSMA 
is a promising target for the treatment of metastatic prostate 
cancer (52), although it is not absolutely specific to prostate 
tissue (53). Even though PSMA is a promising immuno-
therapeutic target for metastatic prostate cancer, using it as 
an exclusive target can lead to different types of autoimmune 
disorders as other cells also express the surface glycoprotein. 
The PSCA is also a cell membrane glycoprotein that is highly 
expressed in the prostate. Its expression is upregulated in cases 
of prostate tumors. In addition to being highly expressed in the 
prostate, it is also expressed in the kidneys and urinary bladder 
as illustrated by Silva et al (53), as well as in the placenta, 
colon, and stomach (52,54,55). Likewise, exclusive targeting 
of only the PSCA in the treatment of cancer would also lead 
to the induction of an autoimmune disorder. Therefore, a 
careful combinatorial approach that targets PSCA and PSMA 
is expected to increase prostate cancer targeting and reduce 
the reactivity against healthy tissues expressing either antigen 
alone (55,56). Feldmann et al (57) designed a Universal CAR 
that serves as the effector module activated by a target module, 
which has specificity for PSCA or PSMA.

CART‑cells target PSMA. The application of engineered 
hybrid antigen receptors on T-cells have been effective 
in the treatment of a number of hematological types of 
cancer (37). While engineered CART-cells have seen effec-
tive improvements in the treatment of hematological cancer, 
its application in solid tumors has proven to be difficult. 

The impediment surrounding the success of CART-cell 
therapy against solid tumors may be due to the following 
factors: i) The lack of a unique tumor‑associated antigen 
in the majority of different types of cancer; ii) inefficient 
trafficking of CART‑cells to tumor sites; iii) heterogeneous 
expression of the targeted antigen(s) leading to outgrowth 
of antigen-negative tumor variants; iv) inadequate supply of 
growth factors (including IL-2); v) the presence of immuno-
suppressive agents; and vi) the metabolically hostile tumor 
microenvironment (23).

Targeting prostate tumors using mAbs is a technique that 
has been employed for years. mAbs have proven valuable in 
cancer treatment by delivering cytotoxic agents to the cancer 
cells and PSMA serves as an ideal antigen target in prostate 
cancer. J591 is noted to be the first IgG mAb developed to 
target the extracellular domain of PSMA and has been 
humanized to allow for repeated dosing in patients. Prostate 
cancer cytotoxicity has been reported to occur when there is a 
coupling of the J591 mAb with ricin A (19,49).

Buhler et al (58,59) demonstrated that the use of the 
PSMA x CD3 bispecific diabody to selectively activate 
PSMA‑specific CD8+ and CD4+T-cells and to recruit them to 
the tumor site produced efficient inhibition of tumor growth 
in a xenograft model which further revealed the effective 
elimination of human prostate cancers in in vitro and in vivo 
trials. Another approach for PSMA‑specific targeting is based 
on engineered T-cells expressing chimeric anti-PSMA immu-
noglobulin-TCR constructs which has been demonstrated to 

Figure 2. Single chain antibody links with the ITAM (CD24ζ or FcƐRlƴ ) of the first‑generation CAR forming a transmembrane region. In the second genera-
tion, CM1 (including CD28) has been engineered to the signal transduction region. The third generation has another CM2 based on the second generation, 
combining CD134 or CD137. The fourth generation is further enhanced to produce more cytotoxic cytokines. CAR, chimeric antigen receptor; CD, cluster of 
differentiation; ITAM, immunoreceptor tyrosine‑based activation motif; Fc, fragment crystallizable domain; CM, co‑stimulatory molecule; IL, interleukin; 
TNF-α, tumor necrosis factor; IFN, interferon.
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specifically lyse PSMA‑expressing prostate cancer cells and 
retard tumor growth in a mouse xenograft model (60).

5. CART‑cell persistence and trafficking

The efficacy of T‑cell function depends on its ability to be 
directed to the target site and persist. The survival rate or time 
period of infused modified T‑cells (including CART) deter-
mines its efficiency in fighting and killing cancerous tumors. 
While first‑generation CARs have a poor persistence rate, the 
second and third generations have been demonstrated to exhibit 
higher persistence rates (23,61). Activation of CAR with two or 
more co-stimulatory domains has been reported to enhance 
the persistence of infused CART-cells. The persistence of 
CART-cells can also be improved through lymphodepleting 
chemotherapy and conditioning chemotherapy, which removes 
suppressive cells including myeloid cells and regulatory T-cells. 
Administration of IL-2 can also help improve the persistence 
of CART-cells (41). Furthermore, for effective tumor eradica-
tion to occur, CART-cells should be able to migrate to tumor 
sites in large numbers and persist for a long period of time. The 
homing potential of CART-cells to target sites is called traf-
ficking, an essential requirement for T‑cell‑tumor eradication. 
Homing of CART-cells has been observed to be enhanced by 
transducing T‑cells with the chemokine receptor expressing 
gene IL-8Rβ which recognizes chemokine ligand 1 expressed 
in melanomas (23).

Immunosuppressive agents. Immunosuppressive agents are 
cells or molecules that partially or completely prevent immune 
response. Immune suppression occurs to maintain tolerance to 
self-cells and prevent the development of autoimmune diseases. 
Immunosuppressive molecules have been demonstrated to be 
present in markedly high levels at tumors sites, which shields 
the tumor from immune surveillance and subsequent attack. 
Immunosuppressive agents that have been reported to protect 
tumors include regulatory T-cells (Tregs) (62,63), transforming 
growth factor-β (TGF-β) (64) and myeloid-derived suppressor 
cells (65), together with other immunosuppressive molecules. 
To escape immunosuppressive effects, genetic modification to 
CARs can help improve T-cell resistance to immunosuppres-
sion. The incorporation of co-stimulatory molecules including 
CD28 and inhibitory cytokines into CARs can assist T‑cells 
to become more resistant to Tregs and TGF-β as well as other 
associated immunosuppressive molecules (24,41,66,67).

Individuals with recurrent prostate cancer normally undergo 
androgen deprivation therapy, a technique, which stimulates 
and activates the overexpression of a serine/threonine kinase, 
known as protein kinase B, to regulate cancer cell growth 
and survival. A combination therapy of androgen deprivation 
and CART-cell infusion can protect CARs against immuno-
suppression (68,69). In addition, CART-cells can be further 
improved to express cytokines such as IL‑2, IL‑12, TNF‑α and 
IFNγ in order to escape immunosuppression (70-72).

6. Advantages of the CART‑cell

CART-cell MHC-independent recognition of tumor antigens 
allows for universal application as it can recognize surface 
antigens including proteins, carbohydrates and glycolipids 

making it difficult for the target tumor to escape antibody 
recognition (32,73,74). The CART-cell has a broad range of 
antigen targeting potential compared with normal T-cells 
due to its ability to produce large numbers of tumor specific 
T-cells in a moderately short period of time which gives it an 
advantage in clinical applications (37,38,75). Furthermore, 
there is reduced autoimmune and cytotoxic responses when 
the correct gene is inserted into the T-cell (7).

7. Challenges associated with CART‑cell therapy

Toxicity of CART‑cells. The infusion of CART-cells into cancer 
patients is associated risks regardless of the number of benefits. 
CART-cells have been proven to be successful in a number of 
the clinical trials. However, the majority of the time it also led to 
expected and unexpected toxicities including cytokine release 
syndrome (CRS), neurologic toxicity, ‘on target/off tumor’ 
recognition, and anaphylaxis (76). CRS has been noted as one 
of the prevalent adverse effects that arises from CART infu-
sion. The activation of infused autologous CART-cells produces 
inflammatory cytokines that could produce mild to severe CRS 
and can be life threatening (77). Clinical features, as noted by 
Bonifant et al (76) and Lee et al (78), include high fever, malaise, 
fatigue, myalgia, nausea, anorexia, tachycardia/hypotension, 
capillary leak, cardiac dysfunction, renal impairment, hepatic 
failure and disseminated intravascular coagulation.

In addition to CRS, another form of toxicity likely to 
arise from CART-cell infusion is the ‘On-target/off-tumor 
recognition’. This occurs as the targeted antigen on the tumor 
may not be restricted only to the tumor cells, but may also 
be present on certain normal cells (79). Activated CART-cells 
attacking normal self‑cells can lead to autoimmune disease 
and organ/tissue damage.

Insertional oncogenesis. The primary concern associated with 
engineered T-cells is the insertion or activation of oncogenes 
in the host's DNA. CART-cells carry a foreign gene transferred 
through a viral vector with high efficiency, including lentiviral 
vectors, adenovirus carrier and adeno-associated virus vectors. 
Integration of the target gene into T-cells may possibly trigger 
oncogenesis; however, no insertional oncogenesis has been 
recorded with respect to CART‑cells due to the high efficiency 
vector delivery. Nevertheless, when the gene is redirected to 
a different site and does not integrate into the specific site, it 
could lead to insertional mutagenesis (76,80).

Hostile tumor microenvironment. Another challenge impeding 
the improvement of CART-cell therapy in tumors involves 
the hostile microenvironment that surrounds tumors. The 
presence of immunosuppressive cells and increased inflam-
matory activity around tumors hinders exposure to T-cell 
activity. Tumor surroundings are known to harbor substan-
tially high concentrations of reactive oxygen species (ROS), 
which impedes antitumor function. T-cells co-expressing 
catalase are hypothesized to perform efficiently in such 
tumor sites. To confirm this, Ligtenberg et al (81) investigated 
catalase-CART-cells and reported that catalase reduced the 
oxidative state of the tumor with less accumulation of ROS. 
The catalase-CART-cell was also observed to maintain 
antitumor activity (23,41,81).
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8. Conclusion

The present review has demonstrated that compared with 
normal T-cells and first-generation CART-cells, the second 
and third-generation CARs have superior antitumor functions, 
providing immunotherapy against prostate tumors and other 
target tissue tumors. Recently, CART-cell therapy has greatly 
improved in the treatment of hematological malignancies; 
however, developments are still ongoing in targeting tumor-asso-
ciated antigens for future treatments. Due to the absence of 
specific antigens associated with tumors, it is essential to design 
T-cells with more than one CAR as this method will increase 
the efficiency and reduce the risk of autoimmune associated 
diseases. More importantly, the use of CART-cell therapy for 
the treatment of prostate cancer is advantageous compared with 
surgery, radiotherapy and chemotherapy, as it is associated with 
fewer cytotoxic effects. Therefore, targeting the immune system 
with CART-cells may be important in treating prostate cancer.

Even though CART-cell therapy demonstrates immense 
promise as a potential cure for cancer, this system also has 
potentially life-threatening complications including CRS and 
the US FDA has registered safety concerns for its application. 
Although the FDA has approved a number of CART therapy 
drugs for certain cases of B-cell lymphoma, a number of 
life-threatening complication cases have been reported in clin-
ical trials because different CARs and delivery methods elicit 
different cytotoxic responses. Another challenge researchers 
face is the Federal common rule that provides guidance on 
human-subject research with CART-cell therapy, which limits 
its wide application and development. A detailed discussion on 
the regulatory policy for this technique is essential for its appli-
cation in the biomedical industry and scientific community. 
However this is beyond the scope of this review paper.
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